Characterization of microstructure and mechanical behaviour of heat affected zones in robotic arc welding of AA6061-T6 by Arhumah, Zeli
 CHARACTERIZATION OF MICROSTRUCTURE AND 
MECHANICAL BEHAVIOUR OF HEAT AFFECTED 











THESIS PRESENTED TO ÉCOLE DE TECHNOLOGIE SUPÉRIEURE 
IN PARTIAL FULFILLMENT FOR A MASTER’S DEGREE 










ÉCOLE DE TECHNOLOGIE SUPÉRIEURE 



























    
This Creative Commons licence allows readers to download this work and share it with others as long as the 









 BOARD OF EXAMINERS  
 
THIS THESIS HAS BEEN EVALUATED 
 








Prof. Tan Pham, Thesis Supervisor 
Département de génie mécanique, École de technologie supérieure 
Prof. Van-Ngan Le,  President of the Board of Examiners 
Département de génie mécanique, École de technologie supérieure 
Dr. Fatemeh Mirakhorli, Member of the jury 










THIS THESIS WAS DEFENDED 
 
IN THE PRESENCE OF A BOARD OF EXAMINERS AND THE PUBLIC 
 
MARCH 29, 2019  
 





I would like to express my sincere appreciation to my supervisor Prof. Tan Pham for his 
patience, motivation, and extensive knowledge. 
I would also like to acknowledge the Libyan Ministry of Education for providing me the 
opportunity to pursue my master`s studies and for recommending me for the scholarship 
offered.  
I would like to thank Professor Van-Ngan Le and Dr. Fatemeh Mirakhorli for spending time 
and valuable comments as jury members. 
Finally, I would like to thank my family and my friends for supporting me spiritually 













 Caractérisation de la microstructure et propriétés mécaniques de la zone affectée 
thermiquement dans le soudage robotisé à l'arc de AA6061-T6 
Zeli ARHUMAH 
RÉSUMÉ 
Le soudage GMAW de l'aluminium AA6061-T6 introduit un changement dans les propriétés 
mécaniques de la zone affectée thermiquement (ZAT) en modifiant la microstructure obtenue 
par vieillissement. La variation du cycle thermique de soudage à travers la ZAT produit 
différentes propriétés mécaniques des sous-zones dans la ZAT. L’objectif de cette étude est 
de caractériser la variation des propriétés mécaniques dans les sous-zones de la ZAT et de les 
corréler avec les cycles thermiques de soudage. Dans cette étude, les cycles thermiques de 
soudage, les propriétés microstructurales et mécaniques des plaques d'aluminium soudées 
AA6061-T6 ont été étudiées dans deux différentes configurations. Le robot Yaskawa intégrée 
avec l’équipement de soudage à l’arc Fronius Trans Plus Synergic 4000 et le métal d’apport 
A4043 ont été utilisés pour le soudage GMAW. Les cycles thermiques de soudage ont été 
obtenus expérimentalement à partir de différents emplacements de plaques soudées. À l'aide 
du logiciel SYSWELD, la source de chaleur est ajustée à partir des températures mesurées et 
de la taille de la zone fondue. Les simulations numériques ont été réalisées pour évaluer la 
répartition de la chaleur dans les plaques soudées. Le modèle numérique fournit une 
approximation acceptable comparée avec les températures mesurées. La caractérisation des 
propriétés mécaniques a été obtenue en utilisant un essai de microdureté sur la coupe 
transversale de la plaque soudée. La carte 2D est utilisée pour illustrer la microdureté. De 
plus, le comportement mécanique et la déformation locale dans les sous-zones de la ZAT ont 
été étudiés à l'aide d'un essai de traction micro-plat avec corrélation d'images numériques 
(DIC). Les propriétés mécaniques des sous-zones de la ZAT étaient corrélées au cycle 
thermique de soudage ainsi qu’à la microstructure de la ZAT étudiée expérimentalement. Il a 
été observé que le cycle thermique de soudage fait une variation importante de la 
microstructure à travers de la ZAT, qui influence à son tour de manière significative sur les 
propriétés de la ZAT. La transformation des précipités βʺ vers βʹ et β est la cause de ces 
changements. 
Mots-clés: Zone affectée thermiquement (ZAT), Cycle thermique, Microdureté, 
Microtension, Corrélation d'images numériques (DIC), SYSWELD, Propriétés mécaniques
 
 Characterization of microstructure and mechanical behaviour of heat  
affected zone in robotic arc welding of AA6061-T6 
Zeli ARHUMAH 
ABSTRACT 
GMAW welding of aluminum AA6061-T6 introduce changes in the mechanical properties of 
the heat affected zone (HAZ) by changing the microstructure obtained from heat treatment. 
The variation of the welding thermal cycle across the HAZ produces different mechanical 
properties in subzones of the HAZ. The purpose of this investigation is to investigate the 
variation of the microstructure and mechanical behaviour in the HAZ subzones and correlate 
these subzones with the welding thermal cycle. In this study, the welding thermal cycle, and 
the microstructural and mechanical properties of welded aluminum AA6061-T6 plates were 
studied. The plates were prepared and welded in two different configurations using a 
Yaskawa robot integrated with Fronius Trans Plus Synergic 4000 arc welding equipment and 
metal filler AA4043. The welding thermal cycle was obtained experimentally from different 
locations on the welded plates. Using SYSWELD software the heat source was adjusted 
using the thermal cycle obtained from the experimental work and the size of the welding pool 
to reproduce the welding thermal cycle. Simulation was performed to observe the heat 
distribution in two configurations of the welded plate. The numerical model offers an 
adequate approximation to the welding thermal profile measured during the welding process. 
The characterization of mechanical properties was obtained using a microhardness test on 
welding cross section and a 2D map used to illustrate the microhardness at the welding cross 
section. Moreover, mechanical behavior and local deformation in subzones of the heat 
affected zone were investigated using digital image correlation (DIC) with a micro-flat 
tensile test. The mechanical properties of subzones of the HAZ were correlated with the 
welding thermal cycle as well as with the microstructure of the HAZ that was investigated 
experimentally. It was observed that the welding thermal cycle controls the variation of the 
microstructure across the HAZ, which significantly effects the mechanical behaviour of the 
HAZ. The change of precipitates sequence from βʺ to βʹ and β explains these changes. 
Keywords: Heat affected zone (HAZ), Thermal cycle, Microhardness, Micro-tensile, Digital 
image correlation (DIC), SYSWELD, Mechanical properties.
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Aluminum and aluminum alloys have been broadly used in many different applications such 
as the aviation and automotive industries, as well as used as an alternative to steel because of 
their mechanical properties, low-weight and good corrosion resistance properties [1]. These 
properties have encouraged the spread of aluminum alloys which has made it the second 
most used metal in manufacturing after steel. Alloying elements and heat treatment affect the 
strength and process-ability of aluminum alloys, these alloys such as 6xxx & 7xxx have had 
their strength enhanced by precipitation-hardening and this increases the scientific and 
manufacturing interest especially in the aluminum alloy 6xxx series due to its extrudability 
and mechanical properties.   
The 6xxx series aluminum alloys which contain mainly (Al-Si-Mg-Cu) have many 
advantages: for instance, good strength to weight ratio, extrudability, weldability, and good 
corrosion properties. It obtains its strength from a precipitate of Magnesium silicide (Mg2Si) 
phase during heat treatment. Since the heat plays the main role in producing the alloy’s 
properties, welding heat input causes major changes in the metallurgy of the heat affected 
zone [2]. Observations on the microstructure and mechanical behaviour of the welded 
specimen showed that to obtain optimum mechanical properties it is crucial to obtain 
homogeneously distribution of Mg2Si precipitates and to control their size. Heating and 
cooling rate are the main variables to be controlled; for maintaining the fine grain structure 
and homogeneous distribution of Mg2Si precipitates, hence the welding as joining process of 
aluminum alloys gains great importance. 
Welding is a conventional manufacturing method for aluminum that has been widely used for 
many different applications. Gas metal arc welding (GMAW) is a joining technique utilised 
to manufacture aluminum parts and is a complicated method that involves different 
phenomena such as thermal, mechanical and metallurgical-chemical changes. A comparison 
between welding methods shows that; GMAW has several benefits such as producing high 




Developments in welding processes have made aluminum alloys a target candidate for 
welding in manufacturing. Advanced automatic welding robots have minimised the heat 
input, and the thermal history variation along the welding line as a consequence of instability 
of welding speed. 
Heat treatable aluminum alloys suffer significant loss of their mechanical strength caused by 
the welding thermal cycle. It introduces changes in the microstructure that lead to changes in 
the final mechanical properties of the area that is adjacent to the welding line (HAZ). These 
changes significantly depend on the thermal cycle and the base material properties. The 
variation of the welding thermal cycle introduces a different extent of metallurgical changes 
that lead to variations in the mechanical properties across the HAZ; these changes may be 
characterised in subzones based on the temperature attained in each zone. 
An investigation is desirable to study the mechanical behaviour and microstructure of the 
HAZ and correlate it with the variation of the welding thermal profile. This study focuses on 
characterising the mechanical properties of welded aluminum alloy AA6061-T6 by robotic 
GMAW welding. The present investigation includes five chapters. The first chapter presents 
the theory and the literature review about the properties of aluminum alloy 6XXX series, 
GMAW robotic welding process, welding thermal cycle, and heat affected zone as a key 
point about the subject. The second chapter is reserved for the experimental procedure used 
in this study and its outcomes. The third chapter presents the numerical simulation of heat 
distribution and calculation of material properties for two welding configurations using 
Sysweld software. The fourth and fifth chapters contain the results and discussion in which 
welding thermal profiles obtained from two different configurations are presented visually by 
graphs and compared with the simulation result obtained from the Sysweld software. 
Moreover, the influence of welding thermal history on microstructure and mechanical 
behaviour was examined using microhardness and micro-tensile test with DIC to observe the 
local mechanical response in different zones within the HAZ. Finally, a correlation between 
welding thermal history, microstructure and mechanical properties in the HAZ was 
established. All the results observed were deliberated using the physical metallurgy in terms 
of the characterisation the mechanical properties of the HAZ. 




Investigation of the welding thermal cycle and characterization of the mechanical properties 
and microstructure for welded aluminum are an important consideration. Much research has 
been established to characterise the mechanical behaviour of the HAZ. Different methods 
have been used to correlate between the welding thermal cycle, microstructure and 
mechanical properties. This chapter will examine a range of aluminum alloys and the 
properties of these alloys in summary. This will be followed by the strengthening in heat 
treatable aluminum alloys. Also, the GMAW process will be described as well as the 
problems associated with aluminum welding, with a particular focus on 6xxx series 
aluminum alloys. A summary of previous studies about the influence of thermal history on 
microstructure and mechanical behaviour of welded aluminum will be provided to explain 
the phenomena that underlie the microscopic transformation of aluminum alloy during the 
fusion welding process. 
1.1 Aluminum alloys 
Aluminum alloys can be divided to non heat-treatable alloys such as the 1xxx, 3xxx, 5xxx 
series and heat-treatable alloys such as the 2xxx, 6xxx, 7xxx series. The mechanical 
properties of heat-treatable alloys such as the 6xxx series (Al-Mg-Si) alloys can be improved 
by heat-treatment, while non-heat-treatable alloys can be work hardened to improve their 
strength [3, 4]. 
Cold working can be used to improve the properties of non heat treatable alloys. These alloys 
are 1xxx series which are pure aluminum, 3xxx series which are known for their high 
formability, 4xxx series which have good fluidity, and 5xxx series which have good 
corrosion resistance and moderate strength. In heat-treatable alloys, the structure of the alloy 
is stabilised by heat treatment and consequently its strength is increased. 2xxx alloys are used 
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in the aviation industry and for high temperature applications. Due to high strength of 6xxx 
series alloys are appropriate for extrusion with moderate properties, non-corrodibility and 
high weldability. 7xxx series alloys have high strength but their strength drops to 
unacceptable levels after fusion welding and they are susceptible to hot crack. Due to their 
strength, heat-treatable alloys are commonly used in many different applications [1]. The 
main interest of this study is the heat-treatable AA6061-T6 alloy, which gains its mechanical 
properties from a heat treatment that precipitates fine particles of Mg2Si [5, 6]. 
1.2 Properties of aluminum  
There are many properties that attract researchers to focus on aluminum alloys. These 
properties can be summarised as follows [7]: 
• Low density compared to steel; aluminum has only one third the density of steel, 
• High resistance to a wide range of liquids, atmospheric gases and weather, 
• Used as decorative material owing to high reflectivity, 
• Its strength can be equal to that of normal construction steel, 
• The high elasticity of aluminum can be an advantage under shock loads, 
• Under low temperatures aluminum alloys preserve their toughness, 
• Aluminum has good malleability and can be rolled to very thin foils, 
• High conductivity to heat and electricity; approximately 50 % to 60 %, and 63% 
respectively of copper [8]. 
1.3 Aluminium magnesium silicon alloys (6XXX series) 
The high strength aluminum alloys are used in many different applications. 2xxx and 7xxx 
aluminum alloys are used widely in the aviation industry and the automotive industry. 6xxx 
series aluminum alloys are of particular interest to the aviation industry (such as fuselage 
casings) and automobile manufacturing (for frames, bumpers and panels) because of its 
desirable combination of properties. There are many advantages of 6xxx aluminum alloys 
5 
including medium to high strength, extrudability, and good weldability. The weather 
resistance of 6xxx alloys is higher than 7xxx alloys, which are traditionally used in the 
aviation industry. 7xxx and 2xxx alloys are susceptible to intergranular attack. Moreover, 
6xxx alloys are inexpensive and are particularly important to the aviation industry which 
relies on 2xxx and 7xxx alloys [9]. 
The component responsible for the high strength of 6xxx alloys is magnesium silicide Mg2Si. 
Depending on the alloy designation, it may contain a small amount of manganese, zinc, 
copper and chromium. 6xxx series alloys are used widely in the welding fabrication industry, 
they are used mainly in extrusion, and are merged with various structural components [10]. 
6xxx alloys are susceptible to weld cracking, therefore, it is recommended to weld them 
using filler material with arc welding. Hot cracking can be avoided using filler metals that 
contain high proportions of silicon such as AA4043 filler. In 6xxx heat-treatable alloys, the 
changes in microstructure and mechanical properties are complex and mainly depend on the 
welding conditions applied [3, 7]. 
1.4 Strength in 6XXX 
 Aluminum-silicon-magnesium alloy is one of the heat treatable alloys. Its strength after heat 
treatment can be increased threefold compared to its properties prior to heat treatment. There 
are two main factors that influence the strength in aluminum 6xxx: the alloying elements and 
the heat treatment stages or age hardening of the alloy. 
1.4.1 Alloying elements in 6XXX 
The principal elements responsible for strengthening the 6xxx series alloys are magnesium 
and silicon. 6xxx alloys acquire their strength during heat treatment, mainly from the 
precipitation hardening phase, Mg2Si. The 6061-T6 alloy also includes traces of some other 
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elements such as manganese, chromium, copper and iron, which provide many favourable 
properties to the alloy. 
The material properties depend upon the formation of metastable, completely coherent and 
stable semi-coherent and incoherent precipitates during aging as shown in Table 1.1. The 
table illustrates three important transformations that affect the strengthening of the alloy [10]. 
There are several previous studies that link the reliance of engineering strength on 
microstructure, specifically the characteristics, dimensions and forms of precipitates. 
1.4.2 Precipitation sequence in 6xxx  
Precipitation hardening is the arrangement of tremendously small dispersed particles of a 
second phase in the main phase matrix, which is achieved by heat treatment. The chemical 
composition of Al6061-T6 shows that the alloy is formed with a definite Mg:Si ratio (1.73:1) 
to form the quasi-binary Al-Mg2Si system, and it increases its strength by precipitation of 
metastable βʺ before the equilibrium β Mg2Si phase. Therefore, understanding the phase 
transformation sequence during artificial aging is critical for a comprehensive understanding 
and to estimate the effect of the welding thermal history on the mechanical behavior of the 
alloy [11]. 
In general, the precipitation sequence of alloys containing Al-Mg-Si can be separated into the 





Table 1.1 Phase transformation during aging of Al-Si-Mg alloys 
Phase  Coherency  Remarks  
















Needle shape with round cross-section and completely 
coherent in aluminum matrix  
 
Rods with ellipsoidal cross-section and generally coherent 
but end of rods is incoherent to the matrix 
 
Plates; totally incoherent to aluminum matrix 
The overall precipitation sequence was summarised by Miao [12] with the crystal structures, 
morphology and metastable phases as shown in Table 1.1. During heat treatment, it first 
forms α (SSS), the super saturated solid solution which forms after quenching. The atoms 
then form Guinier-Preston (GP) zones (also called clusters) as presented in Figure 1.1. 
 
 
Figure 1.1 GP Zone Al-Mg-Si (6xxx) [13] 





Rod along [100] 
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During artificial aging, the βʺ phase starts to form as fine needle shaped precipitates which 
contribute to the peak strength of the alloy. Continuing the artificial aging results in a 
growing βʺ and form βʹ phase which represents rod-like precipitates (circular cross section). 
The crystal structure in this phase is more defined and less cohesive with the matrix of the 
solvent. The growing of βʹ results in an equilibrium β phase (Mg2Si) which is typically 
formed as plate [14] as shown in Figure 1.2.  
There is a fine line that separates the three phase transformations and a short timespan 
between the precipitation hardening and the over-aging of the material. Exposing the material 
to a temperature for longer than required during artificial aging can result in the precipitates 
growing too large, dispersed, and becoming totally incoherent to the material matrix [15, 16]. 




Figure 1.2 Transmission electron micrograph showing a, c) βʺ (needle-
shaped), and b, d) βʹ (rod-shaped) precipitates [17] 
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1.4.3 Hardening Mechanisms in Heat-Treatable Alloys 
The properties of an age heat-treatable alloy are determined by the interplay of the distributed 
precipitate phase with dislocation. The interaction between the dislocations and the 
distributed particles will raise the critical resolved shear stress (RSS). Depending on how the 
dislocation penetrates the precipitated particles, two groups can be formed: Dislocation can 
loop around the particle or cut the precipitates [18].  
 
 
Figure 1.3 The interaction between the particle and dislocation (a) Orowan looping, 
(b) particle cutting [18] 
In case of particle looping (known as Orowan looping), the dislocation loops out, and then 
divides from the looped area leaving one loop around the precipitate as shown in Figure 
1.3.a. The loop is shaped around each particle when the dislocation passes the particle. This 
type of mechanism becomes beneficial when the particles have small diameters and the space 
between them is small. In contrast, particle cutting occur if particles are small and coherent, 
when the dislocations glide right through the particle and not are stopped at the particle-
















During the artificial aging procedure, the particle cutting mechanism works owing to small 
particles that precipitate first. As heat treatment continues, the precipitate size grows and 
looping around the particles becomes easier [19]. The role of hardening during the different 




Figure 1.4 Main role of the age hardening mechanism [19] 
1.4.4 Precipitation Hardening (Heat Treatment) of Aluminum Alloy 6061-T6 
The term age hardening is used when the material’s strength develops over time. 
Precipitation hardening of Al6061-T6 is accomplished by two stages; the first stage uses 
solution heat treatments and the second stage uses precipitation heat treatment, as shown in 
Figure 1.5 and Figure 1.6 [20]. 
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1.4.4.1 Solution Heat Treatment 
The first step of the precipitation hardening procedure is solution heat treatment. The 
aluminum silicon magnesium solution is heated to a specific temperature, T0, within the α 
phase and held until all the β phase (Mg2Si) is totally dissolved. The supersaturated solid 
solution is then quenched to room temperature T1 after quenching a supersaturated solid 
solution (SSS) of magnesium, silicon, and some other elements formed in aluminum matrix 
at room temperature.  
After this process, the alloy is referred to as T4 temper. The alloy after quenching is said to 
be a supersaturated solid solution SSS with respect to solute β in solvent α, and the alloy is 
comparatively soft and weak [20]. 
 
Figure 1.5 Two stages of precipitation hardening in (T6) 





















1.4.4.2 Precipitation Heat Treatment 
The second stage in the T6 precipitation hardening process is precipitation heat treatment. 
During this stage, the supersaturated α phase solution is heated to an intermediate 
temperature between 175˚-195˚C, for a specific period of time within the α + β phase region. 
Three different time-temperature cycles can be used for aging: one hour at 200˚C, five hours 
at 175˚C, or eight hours at 165˚C. The three cycles can accomplish the same result T6 [19]. 
 
Figure 1.6 Phase diagram for precipitation-hardenable 
Mg2Si aluminum 
During the primary aging time, microscopic clusters, or GP zones, of Mg2Si atoms form at 
countless positions in the α phase, as shown on the strength-aging diagram in Figure 1.7. As 
aging time increases, the constant diffusion of Mg2Si causes the zones to increase their size 
to form particles.  
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The precipitated particles go through two phases, signified as βʺ and βʹ, before the 
equilibrium phase β forms as finely dispersed particles of Mg2Si. The βʺ phase shows the 
peak strength of the aged alloy, which is conserved upon cooling to ambient temperature at 
the suitable aging time [20]. 
 
Figure 1.7 Strength vs aging time 
1.5 Gas Metal Arc Welding (GMAW) 
Gas metal arc welding (GMAW) is a conventional fusion joining method, which is 
commonly referred to as metal inert gas (MIG). There are other kinds of aluminum welding 
methods including: plasma arc welding (PAW), laser-beam welding (LBW), stud welding 
(SW), gas tungsten arc welding (GTAW), and friction stir welding (FSW).  
GMAW and GTAW fusion joining are commonly used to weld aluminum alloys [21]. To 
facilitate the welding and avoid hot cracking, filler metal is used. Different alloys are 
compatible with different filler metals depending on the alloying elements in the welded 
alloys. In the 1940's, GMAW was invented for joining aluminum and other materials. 





















Figure 1.8 Schematic of gas metal arc welding process, a) process 
overall, b) fusion area [23] 
The GMAW method uses inert gas to protect the welding bead. Robotic GMAW welding 
was used for this investigation owing to its wide range of applications. Moreover, steady 
welding velocity facilitates the capturing of the welding thermal cycle, since it is eliminating 
the variation in the thermal cycle along the welding line. Three key factors control the 
procedure for GMAW of aluminum: the availability of equipment, the welded material 




1.5.1 Welding Thermal Cycle 
Thermal cycle in welding is the variation of temperature over time. It affects the 
microstructure and the mechanical properties of the welded material. During fusion welding, 
interaction among the parent metal and the heat source causes a rapid heating and melting in 
a small volume of the metal during a short time. In the welding pool, the high temperature 
causes the loss of alloying elements by evaporation, and the absorption of gases such as 
hydrogen.  The properties of the material in the HAZ and fusion zone depend upon the alloy 
composition and the past processing history of the base and filler material along with the 
thermal history experienced during welding. As a moving heat source (welding arc) 
approaches the closest distance to the location of interest, first temperature increases, then 
gradually decreases. Each point in the material has a different weld thermal cycle as a 




       





     
Figure 1.9 a) Welded plate, b) different temperature at different points 
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There are many analytical solutions used to calculate the thermal cycle and heat distribution. 
Rosenthal’s solution is used for two and three-dimensional heat flow to calculate the thermal 
cycles in the workpiece during welding as shown in Equations (1.1) and (1.2).  
ଶగሺ்ି బ்ሻ




ଶഀቁ																																																		 ( 1.1) 
 
ଶగሺ்ି బ்ሻ
ொ = ݁ݔ݌ ቂ
ି௏ሺோି௫ሻ
ଶఈ ቃ                                                  ( 1.2) 
1.5.1.1 Thermal Cycle Measurement 
Welding temperature can be recorded using different techniques such as thermocouples, non-
contact method infrared radiation (IR), or temperature indicating paints. Thermocouples are 
one of the most reliable methods for recording the thermal profile of welding, used with 
ceramic tubes to protect the thermocouples from welding spatter especially when the 
thermocouples are attached near the welding line. Many studies have been conducted to 
measure the thermal history of welded joints and cooling curves [16, 24]. 
Because the IR method is based on radiation and requires no physical contact with the 
workpiece, it is suitable to measure the temperature in the weld pool (fusion zone). In a study 
conducted by Guoli, the welding temperature profile of AZ31B alloy welded by GTAW was 
measured by IR, and thermocouples were used to measure the cooling curves. In his study 
the peening method was used to attach K-type thermocouples to the workpiece, and the 
thermocouples were connected to the INV306DF data acquisition throw amplifier. A data 
logger was adjusted to record 10 readings per second, and the result was found to be reliable 
[25].  
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Another investigation was carried out by Ambriz to measure the thermal profile during the 
welding of aluminum alloy using indirect electric arc welding method. In the study, K-type 
thermocouples were used. The result of the study was that the cooling slopes of the thermal 
profile correlated with the TTT diagram to explain the transformation that occurred and this 
predicted the material behavior in the HAZ [26]. V. Malin [27] used temperature indicating 
paints to capture the welding thermal cycle for AA6061 during GMAW-P. He reported that 
the maximum reliable temperature recorded was 371°C and he extrapolated until reach the 
solidus temperature. 
1.6 Heat Affected Zone 
The heat affected zone (HAZ) is the region between the melted zone (nugget) and the 
unaffected material of base metal. The HAZ is exposed to the most variation in temperature 
as it is rapidly being heated and cooled. This variation is a function of the distance from the 
fusion zone. The variation in the thermal cycle introduces variation in the microstructure and 
mechanichal properties across the HAZ [28, 29]. 
 
 
Figure 1.10 Precipitation transformation through multistage thermal 
processing of (Al-Mg-Si) alloy during welding and PWHT [17] 
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Because the temperature during the welding process is not high enough to melt the HAZ, it 
contains a mix of recrystallization and over aged materials [30]. Typically, increasing the 
heat input will result in growth of the HAZ size and will degrade the mechanical properties 
across the HAZ as shown in Figure 1.10. Quenching the welded material to increase its 
hardness will causes the HAZ to become distorted, as a result the metal must be introduced 
into its intended uses in as-welded condition. In a study conducted by Ambriz [31], he 
reported the effect of arc welding on AA6061-T6 microstructure and mechanical properties. 
The previous study by Ambriz reported that the cause of hot cracking during GMAW was 
owing to the very high thermal expansion of the aluminum alloys, as well as their wide range 
of solidification temperatures. The weld was performed on AA6061-T6 alloy using the 
indirect electric arc (IEA) method, which involves a single weld pass with feeder strips 
positioned on top of the workpiece. This technique successfully decreased the heat input 
during the welding which decreased the HAZ size as illustrated in Figure 1.11 . This method 






Figure 1.11 Cross-section of (a) direct electric arc welding; (b) indirect electric 
arc welding 
Ambriz studied the effect of material preheating to 50ºC, 100ºC, and 150ºC on the 
mechanical properties of the HAZ. He determined that the HAZ size was reduced for both 
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the 50ºC and the 100ºC preheating treatments, but with the 150ºC preheating treatment it was 
larger than  what would be obtained using single V direct electric arc welding. In Figure 1.11 
above, the difference in the HAZ cross-sections of the two welds can be seen. 
Hirose [32], performed a study of the heat affected zone in laser welding using AA 6061-T6. 
More heat input during the welding process caused a lower hardness value in the heat 
affected zone; consequently, a welding technique with low heat input is desired. In the Hirose 
study, laser welding with a CO2 laser and TIG welding were performed on a 1-mm thick 
piece of AA6061-T6. Hirose reported that the heat affected zone for laser welding was 
roughly 1/7 to 1/4 of the size of that obtained using TIG welding. Moreover, for laser 
welding the hardness of the HAZ was almost fully recovered with artificial aging. 
1.6.1 Microstructure of the heat affected zone  
When the heat affected zone is exposed to the welding thermal cycle, it results in 
recrystallization, recovery, grain growth and precipitation reaction. The area close to the 
fusion zone forms large equiaxed grains. In non-heat treatable alloys, the recrystallization 
process causes the most of the loss of strength that occurs. However, in heat treatable alloys 
such as 6xxx, grain growth contributes only slightly to overall strength loss as in Figure 1.12. 
This problem can be mitigated by using grain pinning dispersoids. Figure 1.12 shows that 
there is no significant effect of grain growth on mechanical properties for heat treatable alloy 




Figure 1.12 Grain size Mechanical properties 
relation of A356 alloy [33] 
In heat-treated alloys such as Al-Mg-Si, the thermal cycle introduces severe strength loss. 
This strength loss is due to the transformation of β" precipitates involving dissolution or 
coarsening to βʹ or β when exposed to the welding thermal cycle [34]. When the temperature 
surpasses the solvus temperature in the HAZ, the precipitates βʺ completely dissolve and in 
cases where the temperature is lower than the dissolving temperature, the precipitate grows 




Figure 1.13 Microstructure changes through a fusion joining method. a) cooling slope 
of welding thermal. b) different microstructures in different HAZ subzones [26] 
The formation of dissolution of the precipitate leads to decreased strength in the HAZ. In the 
heat affected zone that is located far from the FZ boundary, where the peak temperature does 
not surpass the solvus temperature, the precipitates suffer either partial dissolution or 
coarsening. Dissolution and coarsening will differ across the HAZ as a function of thermal 





1.6.1 Mechanical Properties of HAZ 
The welding thermal cycle causes a degradation of the mechanical properties of the material 
that is adjacent to the fusion zone. Because the mechanical behaviour depends on the 
microstructure of the HAZ, many studies have been carried out to determine the effects that 
welding has on the mechanical properties of the welded materials. In AA6061-T6, the needle 
shape βʺ precipitate is the main phase that contributes to hardening, and because βʺ is very 
small (20 - 100 nanometers in length, and 6 nanometers in diameter), it can only be observed 
via transmission electron microscopy (TEM). However, the contribution to the hardening can 
be measured using microhardness and tensile strength tests[35].   
In a study by V. Malin [27], tensile and hardness tests were performed on a workpiece of 
AA6061-T6 that had been welded using gas metal arc welding GMAW with a filler wire 
AA4043. A Knoop microhardness test with a 100-garm load was used to generate a 
microhardness profile. The hardness measurements were taken transverse to the weld line, 
and in increments of 0.9 mm and 1.8 mm from the weld line. The study reported that the 
microhardness profiles in the heat affected zone were around 70% of the base material 
hardness. Malin also used a helpful representation of hardness distribution across the HAZ to 
characterise the subzones of the HAZ. Moreover, the average hardness values in these 
subzones were correlated with the thermal gradient and width of the HAZ. Hardness average 
across subzones was expressed as: 
ܩு	௔௩௘ = ௱ுௐ                                                            (1.3) 
where ΔH is the change in hardness values at the borders of the zone, and W is the width of 
the subzone [27]. During welding, the exposure to high temperature causes grain growth in 
the HAZ, making it softer and more susceptible to failure. However, in the previous study 
there was no attempt to measure the grain size in the HAZ and correlate it to thermal cycle 
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and mechanical properties. The study reported that the yield strength of the AA6061-T6 
material before welding was 305MPa, which decreased to an average value of 206MPa after 
welding. Moreover, seven specimens out of the 12 tested in the study failed in the HAZ. The 
failure location ranged from 10.16 mm – 11.85 mm from the fusion line. 
1.6.1.1 Correlation between welding thermal history and hardness across HAZ 
The change in HAZ hardness is caused by the welding thermal cycle, therefore variation in 
the thermal cycle will cause variation in hardness across the heat affected zone [36]. The 
correlation between welding peak temperature and microhardness of a gas metal arc process 
on welded joints was studied by V.Malin. Microhardness and peak temperatures were 
measured across the welded joints, which were also subjected to tensile tests. The study 
reported that there is a relationship between the peak temperature and the average hardness 
value in the HAZ. 
It was noted in the investigation by Myhr and Grong [37] as illustrated in  Figure 1.14 a, b 
and c) that the thermal slopes have direct correlation with the mechanical properties of the 
HAZ. A lower thermal gradient correlates to lower tensile strength in the welded joint. It was 
also found that the minimum hardness in the HAZ occurred in the region subjected to a 
temperature between 240°C and 380°C. Two main factors were identified that affect the loss 
of strength and hardness in the HAZ. The first factor is the peak temperature of the critical 
zone (zone exposed to a peak temperature range of 240°C - 380°C) and the second factor is 













 Figure 1.14 Heat effected zone of 6082-T6 aluminium; a) hardness profile; b) 
precipitate βʹ during cooling; c) hardness profile after aging [37] 
1.6.1.2 Mechanical properties characterization of HAZ 
The comprehensive properties of the welded material are subject to the distribution of 
mechanical behaviour across the HAZ. Therefore, it is important to characterise the local 
mechanical behaviour of subzones in HAZ.  An extensometer can measure the average strain 
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(DIC) can be used to characterise the local mechanical behaviour and obtain local stress 
strain curves in different zones within the HAZ [38]. 
 DIC is a technique that applies correlation analysis to study digital images produced while a 
specimen is under traction test. This method involves capturing repeated images with a high 
resolution camera while simultaneously applying  a load to evaluate the local deformation 
and characterise  the local behavior of the material under incremental loads as shown in 
Figure 1.15 [39]. 
 
 
Figure 1.15 The illustration of the test setup of DIC to characterise the local material 
properties [38] 
An investigation of the influence of thermal cycle on mechanical behaviour of subzones in 
the HAZ, must begin with a classification of non-homogenous subzones within the heat 
affected zone [40, 41]. Many investigations have been conducted in this field to characterise 
the mechanical properties of GMAW, laser welding and FSW using transverse tensile weld 
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sample loading and assuming iso-stress conditions. The stress strain results determined by 
mapping the local strain captured using DIC corresponds to global stress as shown in Figure 
1.16 [42, 43]. 
Lockwood [44] examined the local behaviour of a friction stir welded joint of aluminum 
alloy AA2024 numerically and experimentally. Measurements of local field deformation 
were performed on tensile samples using the DIC method. The results obtained for different 
weld zones were used to establish a 2D finite element model. Evaluation of the model 





Figure 1.16 Global strain of the specimens estimated with extensometer, 
local deformation fields characterised using DIC [43] 
A study by Reynolds [45] used a tensile test specimen extracted from the welded region and 
used the DIC method to determine the mechanical properties of FSW welded joint of 
aluminum AA5454-O and AA5454-H32. The study characterised the mechanical behaviour 
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of the material by carrying out a tensile strength test transverse to the weld. The stress strain 
behaviour of the welded sample was analysed by assuming that the deformation occurs under 
iso-stress conditions and the weld was a composite material. 
Lakshminarayanan [46], studied the influence of single pass welding performed by GMAW, 
GTAW, and FSW on the mechanical behaviour of welded samples 6.4mm in thickness. The 
base metal of the butt joint was AA6061-T6 aluminum alloy, and AA4043 was used as filler 
material. The three joints were compared using microhardness, microstructure, and tensile 
tests, and fracture surface morphology. The investigation showed that FSW joints have fine 
microstructure in the weld zone and are superior in terms of mechanical properties to 
GMAW and GTAW.  
1.7 Summary  
This literature review was conducted to analyse the influence of welding thermal history on 
the mechanical behaviour and microstructure of the material. First, the physical metallurgy of 
aluminum, and aluminum joining processes were investigated in short. Then different 
investigations were reviewed examining welding thermal cycle, and problems caused by 
welding including change in microstructure, hardness and mechanical properties response. 
Finally, analyses of the characterisation of mechanical behaviour of the heat affected zone 
consisting of experimental investigations were reviewed. This investigation is required to 
examine the thermal history, microstructural, and mechanical correlations during welding 























The objective of this experimental investigation was to characterise the microstructure and 
mechanical properties of the HAZ and correlate them with the welding thermal cycle of 
6061-T6, as shown in the flowchart in Figure 2.1.  
A robotic welding system was used to perform a gas metal arc welding (GMAW) weld on 
6061-T6 plates. Thermocouples integrated with data acquisition were used to capture the 
welding thermal cycle. SYSWELD software was used to simulate the GMAW of AA 6061-
T6 to evaluate the temperature distribution in the HAZ. The thermal profile obtained by 
experimentation was used to calibrate the heat source. The microstructure transformation of 
the HAZ was calculated. 
Transverse cross-section specimens extracted from the welded samples were used to 
characterise the microstructure of the HAZ and to generate a microhardness profile for the 
HAZ and base metal. To characterise the variation of mechanical properties across the HAZ, 
local stress–strain curves across the HAZ were obtained by transversely loaded DIC sample. 
















Figure 2.1 Schematic representation of experimental procedure 
 
31 
2.1 Welding Equipment and Material Used 
As GMAW is a continuously fed wire process, it can easily be mechanised. The welding 
torch can be used at different welding currents, which are limited only by the welding power 
source. (GMAW), also known as (MIG), was the method used to generate all the welds in 
this study.  
A DX-100 Yaskawa robot integrated with a standard Fronius Trans Plus Synergic 4000 
welding power supply was used for this investigation as illustrated in Figure 2.2 a) and b). 
The system provides a smooth and steady arc with a pulsed current output and transfers the 
filler metal to the arc in fine droplets. The flexibility of robotic welding operation means that 
steadier weld quality can be obtained with fewer defects. 
  





Plates of AA6061- T6 aluminum alloy sizes of (205mm x 50mm x 6mm) and (200mm x 
50mm x 10mm) as shown in Figure 2.3 a) and b) were used in this study. The nominal 
chemical composition of the base material is listed in Table 2.1.  
Table 2.1 Chemical composition of the base metals 
 Al Cu Cr Fe Mn Mg Si Zn Ti 
Base Metal 
(AA 6061) 
98.6% 0.15% 0.004% 0.7% 0.15% 0.8% 0.4% 0.25% 0.15% 
The T6 designation shows that the plates were solution heat treated and artificially aged to 
enhance their mechanical properties. The mechanical properties of the plates are provided in 
Table 2.2. 
Table 2.2 Mechanical properties of base metal 6061-T6 and filler wire 








BM (6061-T6) 276 310 18 107 
FW (AA4043) 70 145 22 47 
Filler metal 
AA4043 filler metal was used with a diameter of 1.2mm. The chemical composition of 
welding wire illustrated in Table 2.2 contains 5% silicon. This alloy is well known for its 
fluidity. Using AA4043 as a filler modifies the Si weight percentage in the fusion zone and 
as a result, the fusion zone is shifted to a composition that is less sensitive to hot cracking.  
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Table 2.3 Chemical composition of filler wire 
 Al Cr Cu Fe Mn Mg Si Ti Zn 
Filler wire 
(A4043) 
Bal --- 0.3% 0.8% 0.05% 0.05% 5% 0.2% 0.1% 
2.2 Sample preparation before welding 
All required precautions were taken to avoid defects in the welding process such as lack of 
penetration, lack of fusion, and porosity. The surfaces of the specimens were cleaned using 
wire brush to remove the oxide surface film on the plate surfaces and were degreased using 
acetone. These samples were used directly after preparation to generate bead on plate welds. 
2.3 Welding parameters and configuration 
The welding parameters were selected for BOP experiments to form a pulsed GMAW arc 
with spray transfer mode. This mode provides full depth penetration, low porosity, no splatter 
and good cosmetic appearance which will discussed in the following chapters. Table 2.4 
shows the welding parameters that were used in two plate configurations. 
Table 2.4 Welding parameters for two plate configurations 
















Horizontal  271 23.2 174 15.2 15º 12 L/min 1.2mm  








(a) Horizontal  (b) Vertical  
Figure 2.3 a) Horizontal welding configuration; b) Vertical welding configuration  
Table 2.5 Location of thermocouples for temperature measurement 




X = distance from weld start  
Y = distance from welding center line  
Table 2.5 and Figure 2.3 show the location of thermocouples (TCs) in two welding 
configurations. Each sample has 4 TCs on each side of the welding line.  
  x 
y 






2.4 Welding thermal cycle measurement 
GRAPHTECH GL220A data acquisition system and thermocouples type K with diameter of 
0.5mm were used to measure the temperature across the HAZ. The datalogger was set to 
record 10 readings per second from each thermocouple. Thermocouples were installed using 
a TW163/V variable energy TCs welding unit. Eight thermocouples were installed with four 
on each side of the welding line as shown in Figure 2.4.  
 
  
Figure 2.4 Location of installed thermocouples 
The thermocouples record the temperature at the first point along the two wires. If any other 
intersection is there along the thermocouple wires, the thermal cycle measurement will not be 
accurate. Ceramic tubes are used to maintain the distance between the thermocouple wires 
and to protect the thermocouples from splatter. Table 2.5 shows the distance of each 
thermocouple from the welding line.  
4 Thermocouples on 




2.5 Procedures for characterisation of the HAZ 
In order to examine the influence of welding thermal history caused by GMAW on 
microstructure and mechanical behaviour, an optical microscopy observation of the base 
metal structure, fusion zone and HAZ was performed. The mechanical characterisation of 
these regions was obtained by microhardness and micro-tensile tests using the DIC method. 
2.5.1 Microstructure characterisation  
The characterisation of microstructural was performed on test samples from each weld. 
Specimens of a cross section transverse to the welding line were prepared, as illustrated in 
Figure 2.5. The sample was sectioned with a META-CUT water-cooled abrasive cutter. The 






Figure 2.5 Extracted specimen from the a) horizontal welded plate, b) vertical welded plate 
Next, the specimens were mounted and polished using a PACE TCH NANO 2000T polishing 
machine. The polishing was performed using grades of silicon carbide paper, from 400 up to 
2400 grit, then followed by 3 μm, 1 µm and 0.05 µm size polishing pads in sequence. 
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Acetone and dried hot air were used to clean the samples in between polishing steps as 
shown in Figure 2.6. To prepare the specimen for optical microscopy, samples were etched 
with Caustic Sodium Fluoride Etch (93 mL water, 2 g NaOH, 5 g NaF). Specimens were 
examined with an Olympus Lext 4100 light microscope to observe the presence of defects 
and the main microstructural characteristics of the GMAW zones: base metal, heat affected 
zone, partially melted zone, and fusion zone. Intercept technique  used to measure the change 
in grain size cross HAZ. 
 
Figure 2.6 Polished and etched sample for microstructure 
characterisation extracted from horizontally welded plate 
2.5.2 Mechanical Characterisation 
Microhardness and micro flat tensile tests using the DIC technique were performed on 
specimens extracted from welded samples to characterise the mechanical properties of the 
FZ, heat affected zone and base metal. 
2.5.2.1 Microhardness Tests  
Microhardness measurements were carried out on the mounted specimen at room 
temperature in a cross section transverse to the welding line to cover all zones affected by the 
thermal cycle and the parent metal. Automatic microhardness Clemex CMT used to measure 
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the hardness with a dwell time of 15 sec and load of 100 g according to ASTM E92 standard 
procedure for Vickers hardness testing of metallic materials.  
The parameters were kept constant for all indentations with 250µm distance between each 
indentation. The microhardness measurement was analysed as a function of its distance from 
the bead center. A 2D map was generated to cover all zones in the cross-section and to 
investigate the hardness distribution. Figure 2.7 below shows the indentation distribution. 
 
 
Figure 2.7 Distribution of microhardness indention   
2.5.2.2 Micro flat tensile test with DIC transverse to welding direction   
Digital image correlation is an image analysis method where a series of images is compared 
to a reference image at various stages of a stress strain test. This correlation method 
confirmed a high accuracy of local deformation measurements, demonstrated mainly by 
speckle pattern and illumination [47]. 
Micro-tensile specimens transverse to the welding line were extracted from a welded plate 
and used in this investigation. A diagram of micro-tensile samples is shown in Figure 2.8. 
Dog-bone sub-size tensile samples were machined from the welded plates using a CNC 










Figure 2.8  DIC of machined samples transverse to the weld direction, a) and b) machined 
specimen, c) and d) the extracted samples 
A 24 mm gauge length was chosen to cover different areas of the sample such as the BM, 
HAZ, PMZ, and FZ. A series of specimens were extracted from the machined part using 
precision cutting machine. The extracted samples were approximately 1mm thick with care 
taken to avoid any deformation or sequencing errors. Figure 2.8 illustrates the cutting 
arrangement for the machined sample.  
Speckle with high contrast pattern is critical to accurately determine the local deformation of 
the sample.  The speckle patterns were produced using black and white paint and a mini air 
brush gun to obtain a very fine pattern as illustrated in Figure 2.9. The fine speckle pattern 
minimises noise and increases track certainty. The mechanical properties of the base metal 
were determined using a coupon extracted from the base metal as shown in Figure 2.8. 
 









Figure 2.9 Speckle patterns for DIC 
Micro flat tensile tests were performed using a 10 kN tensile machine (Weisse & Kamrath) 
under crosshead velocity control (approximately 2.1× 10−4. s−1). The displacement was 
documented to within 1μm of accuracy, and non-contact laser extensometers were used to 
measure elongation during the test. A high resolution camera was used to record images (at a 
rate of 1 image per second) simultaneously during the tensile test as shown in Figure 2.10. 
GOM correlation software was used to calculate the in-plane displacement [48]. The 













    
Figure 2.10 Set up of micro tensile test with DIC  
2.5.2.3 Micro flat tensile test for samples extracted parallel to welding direction   
Micro flat tensile specimens parallel to the welding line were extracted from the welded plate 
and used in this investigation. A diagram of the flat micro-tensile samples is given in Figure 
2.8. Dog-bone sub-size tensile specimens were machined using CNC as shown in Figure 
2.11. Different samples were extracted from different subzones in the HAZ, and every 

















     
(c) (d) 
Figure 2.11 HAZ extracted micro-tensile specimens parallel to welding line, 










 CHAPTER 3 
 
THERMAL ANALYSIS OF TWO GMAW CONFIGURATIONS 
3.1 Welding thermal profile  
This chapter presents the experimental and simulation results of the welding thermal profile 
as taken from thermocouples compared with simulation results for two welding 
configurations. Because the temperature in the HAZ of the GMAW tests remains well below 
850°C, the experimental method used (K-type, Chromel - Alumel) thermocouples (TCs). 
Horizontal configuration thermal profile. Figure 2.3 shows the position of TCs used to record 
the welding thermal profile. These TCs were welded on the upper surface of the welded plate 
in horizontal configurations on both sides of welding line. It is to be noted that TC1 to TC4 
were on one side and TC5 to TC8 were on the other side of the welding line, and the two sets 
of TCs have the same positions, therefore they should ideally show the same thermal profile. 
However, there were slight differences observed for thermocouples that had corresponding 
locations. These differences may be attributed firstly to the time delay response of 20 ms of 
the TCs and, secondly, to the variance in total heat energy absorbed by the test plates. Figure 
3.1 illustrates the experimental thermal cycles for the eight TCs on both sides of the welding 
line. 
Table 3.1 Standard deviation of peak temperature in horizontally welded plate 
Distance of TC from  









Max T ºC 453 331 276 239.8 
STDEV (%) 6.5 6.1 5.2 4.2 
Heating rate (ºC/s) 156 102 81 43 
Cooling rate (ºC/s) -13.6 -6.8 -4.7 -2.5 
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Table 3.1 shows the standard deviation of thermal history for the horizontal plate with the 26 
TCs obtained from the three tested samples (8 TCs per plate). It is to be noted that the 
temperature measured near the FZ (TC1&TC5) which is close to the heat source has a higher 
standard deviation of 6.5%. This is due to external effects such as the shielding gas, 
compared to TC4 & TC8 which are located at 13 mm far from the welding line.  
 
Figure 3.1 Experimental thermal profile recorded by four TCs 
on each side of welding line in horizontally welded plate 
3.1.1 Vertical configuration thermal profile  
This test case involved welding the plate in a vertical position. Thermocouples were placed 
on both sides of the plate at distances from the edge of the plate of 3mm, 6mm, 9mm, and 12 
mm respectively as shown in Figure 2.3. The thermal profile for the eight TCs, four on each 
side, are illustrated Figure 3.2. The figure shows almost identical thermal history with respect 
to the distance of each TC, and this is owing to the steady welding speed of the robotic 
apparatus and less due to external effect because the TCs were located on the side of welded 
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plate. The peak temperature recorded by TCs in the vertical plate is lower than that of the 
horizontal plate considering the distance from the welding center line and this affects the size 
of the HAZ. 
 
Figure 3.2 Experimental thermal profile of vertical plate 
The standard deviations of the three tested samples and 24 TCs are shown in the Table 3.2. It 
is noted that the samples welded in the vertical configuration have lower standard deviation 
than the horizontally welded plates in terms of peak temperature as the former is less affected 
by external factors such as shielding gas and arc. 
Table 3.2 Standard deviation of peak temperature in vertical welded plate 
Distance of TC from  









Max T 492 358 276 223 
STDEV (%) 6 5.5 4.7 3 
Heating rate (ºC/s) 245 163 109 75 
Cooling rate (ºC/s) -52.7 -40.7 -23.9 -22.2 
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3.2 SYSWELD models 
The finite element welding model may help to predict the mechanical and metallurgical 
properties of the material by taking into consideration the interactions between the heat 
transfer and phase transformations. The interaction between thermal-metallurgical, thermal-
mechanical and mechanical-metallurgical reactions is linked by weak or strong couplings as 
shown in Figure 3.3. 
The coupling thermomechanical action occurs when thermal expansion produces internal 
stresses, and when plastic deformation releases heat. Thermo-metallurgical coupling occurs 
when the elevated temperature changes the microstructure, inducing phase changes, and 
conversely, when the metallurgical reactions release or absorb latent heat. Mechanical-
metallurgical coupling occurs when the state of stress impacts the kinetics of phase changes, 
and when the metallurgical impacts upon mechanical properties such as hardness. 
SYSWELD is a commercial finite element software designed by ESI Group specifically for 
welding processes and it has tools devoted to simulating welding processes such as pre-
defined moving heat sources, including the conical Gaussian 3D heat source model. It allows 
us to simulate and analyse the link between the microstructure, and thermal, and mechanical 
interfaces by modeling the distribution of the temperature as a function of time, distortions 
and metallurgical properties such as phase transformation [49].  
In this study, the coupled thermal mechanical analysis provided by SYSWELD was used to 
performed GMAW simulation. The thermal analysis results (thermal cycle distribution) were 
compared to experimental thermal profile. 
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Figure 3.3  SYSWELD simulation process  
3.2.1 Heat source used in SYSWELD 
Three predefined shapes of heat source are available in SYSWELD: A volumetric conical 
heat source, double ellipsoid heat source and Gaussian heat source. This investigation applied 
a conical Gaussian volumetric as shown in Figure 3.4. 
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Figure 3.4 Conical Gaussian volumetric heat 
source model 
The heat density of the Gaussian distribution is expressed as follows: 
ܳሺݎ, ݖሻ = 	ܳ଴ ∗ ݁
ቆିଷ∗ೝమೝబమቇ;																																																						  ( 3.1) 
 
ݎଶ = ሺݔ − ݔ଴ሻଶ + ሺݔ − ݔ଴ − ݒ ∗ ݐሻଶ;																																  ( 3.2) 
 
ݎ଴ = 	 ݎ௘ − ሺ௥೐ି௥೔ሻ∗ሺ௭೐ି௭ሻା௭బሺ௭೐ି௭೔ሻ ;																																																	  ( 3.3) 
where ܳ଴ is maximum thermal density (W / m-3), ݖ and ݎ	are the radial coordinates of the 
thermal density (m), ݔ଴, ݕ଴ and ݖ଴ is the local reference of the thermal source (m), ݒ is the 








3.2.2 Mesh and boundary condition 
In this study, the fine mesh around the welding trajectory is important because the thermal 
gradient is high in this zone. A mesh size of 1 mm around the melting zone and 3mm for the 
area around the HAZ where the thermal cycle is not high enough to change the material 
properties is illustrated in Figure 3.5. An attempt was made to use a smaller mesh of 0.25mm 
and 0.5mm in order to compare with the thermal and metallurgical results obtained using the 
1mm mesh, but this finer resolution analysis caused the simulation time to double and 
provides approximately the same result. The plates were fixed far from the thermal source to 
reproduce boundary conditions identical to the experimental boundary conditions for the two 
configurations, to eliminate the mechanical effect on the metallurgical properties and to 




Figure 3.5 Mesh for simulation (with 1mm size in the HAZ, and 3mm 
outside the HAZ) 
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3.2.3 Calibrating the heat source of the vertical plate 
The heat source parameters shown in Figure 3.6 have been used to reproduce similar thermal 
profiles and melting pool size to those that were experimentally observed, by adjusting the 
predefined 3D conical Gaussian heat source. The calibration was performed in two 




Figure 3.6 Thermal distribution at the moment when the heat source was in the center 
of the part 
Table 3.3 Gaussian 3D conical heat source parameters for vertical plate 
Welding speed (mm/s) ࡽ૙ ࢘ࢋ ࢠࢋ ࢘࢏ ࢠ࢏ x y z ay Power  
16.8 53.6 6 3 5.5 2 0 0 0 0 2460 
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3.2.3.1 Thermal profile  
The 3D conical Gaussian model produced a thermal profile that closely matched the 
experimental results as shown in Figure 3.9. The differences in peak temperature were -
5.2%, -4.4%, -2.8%, -1.7% in the TCs as compared to the experimental thermal profile as 
illustrated in Table 3.5 and Figure 3.9. 
 
   
 
Figure 3.7 Simulated thermal profiles at the same locations as the 4 
thermocouples  
The heating and cooling rates in Table 3.4 show that the differences in heating rate between 
experimental and numerical results are -8%, -7%, -6.5%, -4% respectively at different TCs. 




Table 3.4 Heating and cooling rates in vertical welded plate 
  TC1  TC2 TC3 TC4 
Heating rate Exp (ºC/s) 245 163 109 75 
Heating rate FE (ºC/s) 265 175 116.5 78 
ࡱ࢞࢖ିࡲࡱ
ࡱ࢞࢖ % 
-8% -7% -6.5% -4% 
Cooling rate Exp (ºC/s) -52.7 -40.7 -23.9 -22.2 
Cooling rate FE (ºC/s) -55.5 -42 -25 -21 
ࡱ࢞࢖ିࡲࡱ
ࡱ࢞࢖ % 
5.3% -3.2% 4.6% 5.4% 
Melting zone 
The melting temperature of 6061-T6 aluminum is around 650˚C. A geometric comparison of 
the melting zone shows a close resemblance to the shape of the melting zone obtained by the 
numerical simulation and the melting zone observed in the cross-section of the actual 
welding, as in Figure 3.8. 
 
   
Figure 3.8 Fusion zone of vertical welded plate 
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Moreover, comparing the temperature distribution and the size of the HAZ obtained by FEA 
with the measured hardness profile shows good agreement. This will be discussed in more 
detail in Chapter 4. 
3.2.3.2 Comparison between experimental and FE thermal profile 
Figure 3.9. (a) illustrates the thermal profile calculated by finite element simulation model 
compared with the experimental result. It is clear that the result has generally acceptable 
agreement; however, there are noticeable differences in the peak temperature, and this 
difference increases as the distance from the welding center line decreases. 
 
 
Figure 3.9 Thermal profile of vertical plate, a) thermal profile comparison between 
experimental results and finite element simulation of points at different distances 















Exp 492 358 276 223 
FEA 517 374 284 227 
Difference in% -5.2 -4.4 -2.8 -1.7 
Table 3.4 shows that the maximum temperature of the point located at 3mm distance from 
the edge of melting zone was 508ºC. It is worth noting that the relationship between 
temperature and distance is nonlinear, owing to the nonlinear difference of the material’s 
thermal properties at different temperatures. The region near the FZ boundary experiences 
a high temperature gradient (up to 42ºC/mm). 
3.2.4 Adjusting heat source of the horizontal plate 
3.2.4.1 Thermal profile  
The same 3D conical Gaussian heat source used in the vertically welded plate was used for 
the horizontally welded plate. The FE thermal profile shows similar results with differences 









    
Figure 3.10 Thermal profile of 4 nodes in the horizontally welded 
configuration corresponded to the location of TCs 
The difference in heating rate was 5.5%, 7.5%, 10.7% and 11.6% respectively as shown in 
Table 3.7. When the heating source passed the TCs plane, the cooling began with the values 
presented in Table 3.7. Based on this result, the calibrated heat source reproduces the thermal 
profile very close to the experimental work. 
Table 3.6 Gaussian 3D conical heat source parameters for horizontal plate 
Welding speed (mm/s) ࡽ૙ ࢘ࢋ ࢠࢋ ࢘࢏ ࢠ࢏ x y z ay Power  












Figure 3.11 Thermal distribution in horizontal welded plate 
Table 3.7 Heating and cooling rates in horizontal welded plate 
 TC1  TC2 TC3 TC4 
Heating rate Exp (ºC/s) 162 106 84 43 
Heating rate FE (ºC/s) 153 98 75 38 
ࡱ࢞࢖ିࡲࡱ
ࡱ࢞࢖ 	% 5.5% 7.5% 10.7% 11.6% 
Cooling rate Exp (ºC/s) -6.3 -5.2 -3.6 -2 
Cooling rate FE (ºC/s) -5.9 -4.9 -3.4 -1.9 
ࡱ࢞࢖ − ࡲࡱ
ࡱ࢞࢖ % 
6% 5.7% 5% 5% 
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Molting zone  
The comparison of melt pool shape in Figure 3.12 indicates that the melting zone obtained 
from the simulation resembles the measured fusion zone obtained by experimentation, 
therefore the simulated fusion zone shapes validate the implementation of the heat source 
model used in this study. 
 
   
Figure 3.12 Melting zone 
3.2.4.2 Comparison between experimental and FE thermal profile    
Figure 3.13 shows the weld thermal profile measured experimentally compared with the 
numerical simulation result for the horizontal configuration. It shows that the heat source 
used in numerical provides good approximation of 8.3 % difference compared to the 
experimentally obtained results. Table 3.8 and Figure 3.13.b) shows the comparison of peak 






Figure 3.13 Thermal profile of horizontal plate, a) thermal profile comparison 
between experimental and finite element simulation from points at different 
distances from the welding center line, b) peak temperature comparison 
Table 3.8 Difference in % of peak temperatures in horizontally welded configuration 
 Peak Temperature °C 
TCs  TC1  TC2 TC3 TC4 
Exp 453 331 276 246 
FEA 424 316 267 239.8 
Difference in % 6.36 4.5 3.1 2.5 
The highest temperature recorded by the thermocouple located at 3mm distance from the 
boundary of the melting zone and 7mm from the welding center line reached 496 ºC, which 
is less than the solubilization temperature (∼520 ºC) [50]. The region between the melting 
zone and up to 10 mm (HAZ) underwent a high temperature gradient (up to 49 ºC/mm), and 
the slope decreases as the distance from welding centerline increases until it reaches 
1.26ºC/mm. 
 
 CHAPTER 4 
 
CHARACTERIZATION OF MICROSTRUCTURE AND MECHANICAL 
PROPERTIES 
This chapter provides a detailed description of the experimental measurements taken before, 
during and after the welding. These results were classified into two groups; first, a study of 
the microstructure of the HAZ using visual and optical inspection, and second, 
characterization of the mechanical properties of the HAZ using microhardness profile and 
micro-flat tensile tests via digital image correlation (DIC), and third, the influence of welding 
thermal history on the transformation of the microstructure and mechanical behaviour of 
HAZ subzones.  
4.1 Heat affected zone width  
The size of the HAZ is critical to determining the global mechanical behaviour of the welded 
specimen. The region of the heat affected zone near the FZ can be distinguished by the 
discolouration of the base metal as illustrated in Figure 4.1. In this study, subzones in the 
heat affected zone were determined using their microhardness profiles correlated with the 
welding thermal cycle distribution through the weld cross section, where the peak 
temperature has risen above 200 ºC. The result in Figure 4.2 illustrates the width of the HAZ, 
which is approximately 12 mm on both sides of the welding center line of horizontally 
welded with respect to the heat source. The size and shape of the HAZ depend mainly on the 
welding thermal profile. This characterization shows agreement between the microhardness 
measurement profile and the welding thermal distribution across various zones of the HAZ as 




Figure 4.1 Comparison between HAZ of optical image 
(discolouration) of welding cross section and FE result 
Furthermore, micro-tensile tests were performed on the specimen extracted from the welded 
samples parallel to the welding line and used to characterise the local mechanical behaviour 
of subzones in the HAZ. This will be discussed in more detail in Section 4.3.1. 
 
Figure 4.2 HAZ width characterised by microhardness profile on 
sample cross section in horizontal plate  
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It is worth noting that the lowest hardness measurement was located between 6 mm to 7 mm 
from the welding center line in both sides of horizontal plate, and this coincides with the end 
of the grain growth zone. Based on literature review, grain size contributes slightly to 
mechanical properties, and this was confirmed in this study. At approximately 6.5 mm from 
the welding center line, even when the grains have almost the same size as the base metal, it 
still has the lowest hardness value. This plane (softest zone in the HAZ) will be discussed in 
more detail in the microstructure analysis section 4.2. 
 
       
 
Figure 4.3 Size of HAZ in vertical welded sample 
Figure 4.3 (a) and (b) shows the HAZ width in the vertical plate. The thermal and hardness 
profiles show that the HAZ extended to 10 mm from the specimen’s edge. The hardness 
profile in Figure 4.3 (b) shows that the lowest hardness measurement is located between 5 
mm to 6 mm from the specimen’s edge. This softest plane was exposed to a peak temperature 
ranging between 290 °C to 370 °C, which is the critical temperature for phase transformation 




4.2 Microstructure characterization of HAZ 
In this investigation light optical photomicrographs were taken with different magnifications 
to study the initial microstructure variation across different zones such as the FZ, subzones of 
the HAZ and the BM. This is shown in Figure 4.4 - 4.8. The gradual variation in 
microstructure from the FZ boundary to the base metal shows that the zones adjacent to the 
FZ were exposed to various welding thermal cycles. 
     
Figure 4.4 Base metal of 6061-T6, a) coarse second phase particles distributed 
randomly, b) grain size of base metal 
The microstructure of the base metal AA6061 in the T6 condition is shown in Figure 4.4. 
Figure 4.4. (a) which is polished and not etched sample shows nonuniform distribution of 
intermetallic particles through the microstructure of the base metal. The etched sample in 
Figure 4.4 (b) mainly shows the grains of the base metal and the grain boundaries which 







Normally, weldment solidifies through epitaxial solidification in the FZ. Epitaxial 
solidification in the FZ begins with the deposition of crystals from the weld pool on 
incompletely melted grains in the PMZ, and nucleation is not essential in order to 
complement the solidification. Figure 4.5 (b) shows that the low melting phases segregated 




       
Figure 4.5 Light optical micrographs of microstructure of FZ and PMZ; a) grains in FZ, b) 
low melting phases segregated on the grain boundary, c) The interface between the HAZ 












The as welded condition of AA6061-T6 shows a well-defined grain boundary at the fusion 
zone (FZ) as in Figure 4.5 (a). There is a clear difference in microstructure between the FZ 
and the HAZ. The FZ consists of small grains of varying shape that range from 10 µm to 20 
µm. Figure 4.5 (d) shows columnar grains. Meanwhile; the centre of the welded metal was 
solidified into equiaxed grains with the presence of small sized porosities. 
A fine microscopic liquation crack was observed in 6061-T6 welded with AA4043 filler 
metal. Figure 4.5 (c) reveals that the crack began at the interface of the FZ and PMZ, and 
propagated into the HAZ. The difference in density between the solid and liquid aluminum 
caused the weld pool to contract and pull on the solidifying adjacent material in the partially 
melted zone during solidification, and the tension caused cracks in the PMZ. 
4.2.1 Grain growth in HAZ  
Grain growth in aluminum reduces the mechanical properties, for example tensile strength, 
especially in non-heat treatable alloys. However, grain growth also has a slight effect on the 
mechanical properties of heat treatable alloys because these alloys derive strength from 
precipitation hardening [51, 52]. Areas adjacent to the fusion zone boundary would be 
exposed to high temperatures for a longer time, which provides enough time to produce the 
largest grain size in the HAZ as shown Figure 4.7 (a). In this investigation, the linear 
intercept technique was applied to determine the average grain size in the HAZ.  
The elevated temperature generated by the welding thermal cycle in the area adjacent to the 
FZ helps to release the grain surface energy by grain growth and results in large, equiaxed 
grains along the fusion boundary. Figure 4.6 shows the average grain size measured across 
the HAZ as a function of the distance from the welding centre line. The average grain size 
increased gradually from 43 µm in the zone 6 mm from the FZ boundary to 310 µm at the FZ 
boundary. In the zone adjacent to the FZ, which was exposed to the highest thermal cycle, 
the grain size was six times that of the base metal grain size. 
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Figure 4.6 The relationship between average of grain growth and 
peak temperature across the HAZ 
Figure 4.6 shows the relationship between the peak temperature and the average of the grain 
coarsening effect. The area adjacent to the FZ with an average peak temperature of 610 °C 
has the coarsest grains. This zone has an average grain size of 318 µm. Grain size decreased 
steeply in the HAZ until the grain size has the same grain size as the base metal at a distance 
of 6.5 mm from the welding center line. It can be noted that the grain coarsening takes place 
at the first 3.5mm of the HAZ starting from the FZ boundary. This zone where grain growth 
occurs has a variation in hardness value that ranges from 77 HV to 83 HV. No clear 
relationship was found between the variation of hardness value and grain size. It is worth 
noting that no observed coarsening occurred where peak temperature remained below 450 
°C.  
Figure 4.7 shows grains in the zone adjacent to the FZ where the grains have an average size 
of 318 µm and the size decreases gradually as a function of distance from the welding line. 
Figure 4.7 (b) was taken beneath the fusion zone as is illustrated in the schematic drawing. 
Grain growth has a proportional relationship to the thermal cycle with respect to time. 
However, grain growth has a lesser effect on mechanical properties than precipitation 
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transformation, and this can be shown by comparing grain size with lowest hardness in the 





Figure 4.7 Light optical micrographs of recrystallization and grain growth; a) zone 
adjacent to FZ, b) gradual change of grain size 
4.3 Mechanical characterization of HAZ in vertically welded plate 
Mechanical properties of a welded plate vary significantly across the HAZ and correspond to 
the microstructure that is produced by the welding thermal profile. The aim in this section is 
to characterise the mechanical properties of subzones across the HAZ. The microhardness 
tests were conducted four weeks after the welding to minimise the natural aging effect. The 
most hardness recovery occurred in the first and second weeks with a recovery rate of 2.3% 
per day, and in the fourth week, the hardness recovery rate was 0.4% per day as reported by 





4.3.1 Microhardness behaviour across the HAZ 
 
Figure 4.8 Correlation between thermal cycle 
and microhardness values in HAZ 
Figure 4.8 illustrates the TMAX profile with microhardness results placed over each other. 
Studying the relationship between the TMAX and hardness shows that the FZ, which was 
exposed to TMAX over 580°C has a low average hardness value of 73 HV. The low hardness 
value could be attributed to the lack of precipitates, the change in chemical composition and 
the porosity that is present in this zone.  
As observed in Figure 4.8 the zone adjacent to the FZ (HAZ 1) was subjected to peak 
temperature between 380 °C to 580°C. This zone has an average hardness value of 80 HV. In 


















from the welding center line ) and the material became a combination of α+βʹ phases. The 
hardness increases to 80 HV after four weeks in this zone due to naturally aging of βʺ 
precipitate. The plane which separates HAZ1 and HAZ3 was subjected to a critical 
temperature and had the highest βʹ phase fraction because the critical temperature caused 
needle shaped fine precipitates of βʺ to dissolve and the biggest one started to grow and form 
a rod shape βʹ [17, 32, 53]. This plane had the lowest hardness value of 70 HV. HAZ3 where 
the temperature below 290°C the hardness increased until it reaches the hardness of base 
metal where the peak temperature remain less than 200 °C. It was not affected by the welding 
thermal cycle. 
 
Figure 4.9 Correlation between grain size, 
microhardness, and peak temperature across the HAZ 
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Figure 4.9 shows the relationship between grain coarsening and microhardness. Although the 
grain size in the closest zone to the FL was an average size of six times bigger than the base 
metal and steeply decreases as the distance from the FL increases, the observation of 
hardness that resulted across these zones shows almost steady hardness values. The lowest 
hardness value located at a distance of 3.5 mm from the FL (6.5 mm from welding center 
line) and the average grain size at this zone of 55 µm is almost equal to the grain size of the 
base metal. From these observations it can be noted that there is no important effect of grain 
growth on mechanical behaviour at the over-aged zone where grain size is equal or less than 
320 µm. 
4.3.2 MFT parallel to the welding line 
Figure 4.10 illustrates the cutting arrangement for the machined sample parallel to the 
welding line. As showed in Table 4.1, each specimen had a different thermal cycle; 
moreover, microhardness values across the thickness of the MFT sample and across the 
gauge length for each sample were used to characterise each MFT specimen. The result 




















Test 1 and Test 2 are the specimen that extracted parallel to the welding line from the vertical 
plate, and samples in the both tests have the same welding and testing procedure.  Figure 
4.11 shows the location of microhardness measurement cross the gage length of MFT test. 
Sample 1  
Table 4.1 Shows microhardness and peak temperature with the MFT result for each specimen 
























01 FZ 820-640 (FZ) 67 68 --- --- --- 
02 0-1 625-538 72.5 73 274 208 13.6 
03 1.5-2.5 508-442 73 74 263 173 15.2 
04 3-4 410-358 74 73 260 146 22 
05 4.5-5.5 340-296 68.5 74 249 147 21.5 
06 6 -7 286-258 75 74 265 232 8.7 
07 7.5-8.5 245-220 90.5 92.5 292 260 8.3 
08 9-10 210-180 103 101 296 269 7.4 
09 BM BM 110 112 304 269 7.2 
10 BM BM 108 110 309 271 6.9 




Figure 4.11 Microhardness measurement locations in the MFT samples 
A = 1mm (microhardness 
measurement each 200µm) 





Sample 2  
Table 4.2 Shows microhardness and peak temperature with the MFT result of each specimen 
























01 FZ 820-640 (FZ) 68 69 --- --- --- 
02 0.5-1.5 625-538 73 74 267 202 13.2 
03 2-3 508-442 73.5 74.5 273 167 13.8 
04 3.5-4.5 410-358 74.5 74 263 151 19 
05 5-6 340-296 69 68 252 157 20.1 
06 6.5 -7.5 286-258 73.5 75 258 253 9.6 
07 8-9 245-220 88.5 90.5 285 267 7.3 
08 9.5-10.5 210-180 99.5 102 292 273 8.3 
09 BM BM 110 112 307 268 8.1 
10 BM BM 108 110 314 274 7.4 
The subzone that extends from the FZ boundary to 3.5 mm and was exposed to a peak 
temperature between 625 °C and 442 °C shows a 15% decrease of UTS and a 30% decrease in 
YS. Meanwhile, the elongation increased 47% compared to the BM. The overaged zone 
which extended from 4 to 6 mm with peak temperature between 410 °C and 296 °C shows the 
least favourable mechanical properties. The UTS in this zone decreased 20%, and the YS 
decreased 45%. As a result of over aging the, elongation increased 230% compared to the 
base metal. Beyond the end of the over aged zone at 6.5mm from the welding center line, the 
mechanical properties start to improve intensely, until the mechanical properties match those 

















Figure 4.12 Stress- strain for different specimen extracted from 
















Figure 4.13 Tensile properties in different zones, a) Test 1, b) Test 2 
74 
 
4.3.3 Micro-flat tensile test (DIC) 
A comparison of the experimental results of the stress-strain tests for global response of the 
base metal and welded samples is illustrated in Figure 4.14, and the mechanical behaviour of 
the base metal and welded specimens are shown in Table 4.3. 
Table 4.3 Properties of base metal and welded specimens 
 Welded sample   Base metal 
Description Test 1 Test 2 Ave      Test1 Test2 Ave 
(a) Yield Stress (MPa) 153 162 157.3    271 271 274 
(σ max) Ultimate strength (MPa) 220 231 226     301 308 305 
Elongation (%) 6.8 6.7 6.8     9.1 9.8 9.4 
 
 
Figure 4.14 Global response (stress-strain) curves 
for welded sample and parent metal 
An offset of 0.2 % yield strength (YS) of 157 MPa. and an ultimate tensile strength (UTS) of 
(226 MPa at.4.4 %) plastic strain was found in the welded samples. The stress gradually 
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decreased as strain exceeded the UTS, and as a result of substantial necking at approximately 
6.5 mm from the welding line, the samples finally fractured at 6.8% strain. 
4.3.3.1 Local behaviour of welded specimen from MFT test with DIC 
The two samples depicted in Figure 4.15 represent the deformation in X and Y directions 
measured with DIC. The results of the two tests are coherent and show that the local in-plane 
strain obtained from DIC can be utilised. 
    
Figure 4.15 Illustration of distribution of local in-plane strain acquired using DIC 
equivalent to different strains (corresponding to 24.mm specimen gauge length) 
for two specimens 
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Strain measurements along the longitudinal direction of the specimens were captured at four 
stages (in elastic and plastic) of loading by DIC and the results for the two specimens were 
illustrated in Figure 4.15. The stages correspond to the principal stress and the mean value of 
strain. It is noted that strain was initially distributed evenly cross the gauge length (FZ and 
HAZ) until the stress reached 126 MPa as shown in Figure 4.15.  
At stage one, at a stress value of 180 MPa the strain starts to concentrate at approximately 6.5 
mm from the welding line on both sides of the weld as shown in Figure 4.15. At stage two, 
increasing in stress value up to 213 MPa leads to strain concentration in these two planes (Z1 
and Z2) as shown in Figure 4.15. And at stage three, when the stress value approaches the 
UTS value (221 MPa), the necking begins to occur at one of the two planes before the 
fracture. 
The three stages depicted in Figure 4.16 represent the mean value of the local strains 
measured with DIC. The ԑXX and ԑYY strain fields correspond to the X and Y axes which are 
the cross welding direction and welding direction respectively. The average values of ɛXX and 
ɛYY for the regions of interest on both sides of the weld center line were plotted as a function 
of cross weld direction in Figure 4.16 for different strain levels. The overall deformation was 
not distributed evenly and showed different behaviours across the FZ, HAZ and BM.  
At the first stage of deformation (126 MPa – 0.5%), the ԑXX strain fields exhibit equal strain 
distribution across the softened zone (FZ and HAZ, 9.5 mm from the welding center line on 
both sides), and above the BM. At this stage, the variation of local strain is only 0.25 % 
between the soft zone and BM. Increasing the load value (180 MPa – 1.4 %) shows 
concentration in strain being found in the plane 6.5 mm from the welding line on both sides 
of the welding center line. The strain value reaches an average of 8.5% at the high 
deformation plane (softest plane cross the HAZ) compared to 2.5 % in the FZ and 0.35 % in 
the BM as shown in Figure 4.16 b). 
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Figure 4.16 Average value of ԑXX and ԑYY in transverse weld direction for three 
stages of stress/strain condition. a) 126 MPa_0.5%, b) 202 MPa_2.4% and, c) 
225 MPa_5.1% illustrating local in plane strain localisation zones 
In the stage before necking (225 MPa – 5.1 %), the local deformation is mainly localised in 
one of the high deformation planes (Z1 and Z2) 6.5 mm from the welding center line, until 
the strain reaches 16 % compared with another plane which reaches 7 %, or approximately 
40 % of the other zone. The mean strain value of the FZ and HAZ, excluding the softest 
plane, was around 5 %, which is 30 % of that found in the highly deformed plane. The local 
strain increases in this plane until the fracture occurs as shown in Figure 4.16 c). 
Interestingly, the ɛXX response remains in proximity even along the soft zone, with respect to 
each stage, except for the high deformation plane which suffers high deformation during the 
necking stage. 
Cross direction  
Welding direction  
Cross direction  Cross direction  
Welding direction  
Welding direction  Z1 
Z1 Z2 Z2 
Fracture location  
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4.3.3.2 Local behaviour of HAZ  
 
Figure 4.17 Illustration of distribution of local in-plane strain acquired using 
DIC equivalent to different strains (corresponding to 24.mm specimen gauge 
length) in the HAZ 
Figure 4.17 shows the local strain distribution in the HAZ. It is noted that strain in stage one 
was distributed evenly across the gauge length until the stress reaches 126 MPa as shown in 
Figure 4.17.  At stress value of 180 MPa, the strain starts to concentrate at the HAZ more 
than the BM. It is worth noting that the local strain continues to distribute almost evenly 
cross the HAZ until 213 MPa compared with Test-1 and Test-2. At stage four, when the 
stress value reaches 221 MPa, the local strain starts to concentrate at approximately 6 mm 
from the weld line on both sides of the weld as shown in stage four in Figure 4.17. The 
concentration of strain in these two planes (Z1 and Z2) which is presented in Figure 4.17 
leads to the fracture in one of these planes. 
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The three stages illustrated in Figure 4.18 represent the average values of ɛXX and ɛYY for a 
region of interest on both sides of the weld center line, and were plotted as a function of cross 
weld direction as in Figure 4.18 for different strain values. The overall deformation was not 
distributed evenly and showed different behaviour across the HAZ.  
 
Figure 4.18 Average value of ԑXX and ԑYY in transverse weld direction for three stages 
of stress/strain condition. a) 160MPa-0.9%, b) 210 MPa-4.1% and c) 225 MPa-5.1% 
showing local in plane strain concentration zones 
At the first stage of deformation (160 MPa - 0.9%) the ԑXX strain fields exhibit equal strain 
distribution across the HAZ, which is higher than that of the BM. At this stage, the variation 
Welding direction  
Welding direction  
Welding direction  
Cross direction  
Cross direction  
Cross direction  
Z1 Z2 
Z2 Z1 
Fracture location  
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of local strain is only 0.35 % between the soft zone and BM. Increasing the load (210 MPa - 
4.1 %) shows the subzones in the HAZ suffer high local deformation compared with 
Test1&2 where the local deformation starts to concentrate at an early stage (180 MPa - 1.4 
%) at over-aged planes (Z1 & Z2). 
In the stage before necking (225 MPa – 5.1%), the local deformation is mainly localised in 
one of the high deformation planes (Z1 and Z2) 6 mm from the welding center line until the 
strain reaches 15 % compared with another plane which reaches 7.5 %. The mean strain 
value in the HAZ, excluding the softest planes (Z1&Z2), was around 6 %. The local strain 
increases in the over-aged plane until the fracture occurs as shown in Figure 4.18. 
4.3.4 Local behaviour of HAZ subzones in welded plate obtained by DIC 
Figure 4.19 shows the location of local strain investigated in different zones: the fusion zone, 
HAZ, and base metal. Figure 4.19 shows local strain-time curves for the welded specimen. 
Different zones with different behaviour can be distinguished clearly in figure 4.19. From 
this depiction, it is possible to consider three stages. Stage one up to 50 s: at this stage all 
zones along the gauge length have the same behaviour (elastic). Stage two between 50 s and 
400 s: at this stage, zones in the HAZ experience plastic deformation, whereas strain in Z8 
(BM) remain approximately constant (in elastic region). Stage three between 400s and 520s: 
in this stage, the strain is localised in the softest zone (Z4 and Z5) where the fracture will 












Figure 4.19 a) Local strain-time for different locations on the welded sample, b) shows the 
location of local strain investigated (BM & HAZ & FZ) 
4.3.5 Local Stress–Strain properties obtained using DIC test in welded sample 
Assuming uniform stress, every local position in the gauge length undergoes the same stress 





















Figure 4.20 (a) Stress-local strain in different locations 
obtained by DIC for welded sample, (b) close-up of figure (a) 
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Figure 4.20 is a plot of uniform DIC stress-local strain measurements for eight zones (Z) 
along the gauge length as illustrated in Figure 4.20. Z4 and Z5 underwent softening 
behaviour and have the highest strain value and lowest yield strength. The zones Z1, Z2 and 
Z3 shows similar behaviour to the lower strain level compared with Z4 and Z5. Zones close 
to BM (Z6 and Z7) show higher yield strength and lower deformation.  It is clear that Z8 (the 
base metal) is still in the elastic region. 
The global mechanical response of over aged zones in terms of longitudinal stress-strain of 
the samples is plotted in Figure 4.21. The two softest planes in the HAZ (Z1 and Z2), welded 
and parent metal are illustrated in the same figure. The Z1 plane shows the highest localised 
deformation where the fracture finally occurs. Localisation of strain up to 18 % was observed 
in the Z2 region as shown in the figure. 
 
 
Figure 4.21 Average stress-strain behaviour (DIC measurements) 
for welded joint, fracture planes in HAZ (Z1 and Z2) compared 
with base metal thermal cycle distribution across gauge length of 
DIC test specimen 
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Figure 4.22 shows the thermal cycle distribution across the gauge length of the DIC extracted 
specimens. Specimens in Figure 4.22a illustrate the samples extracted from the FZ and HAZ 








Figure 4.22 Thermal history of extracted samples for DIC test, 
a) fusion zone, b) HAZ 
In the HAZ subzone adjacent to the FZ boundary where the peak temperature was between 
approximately 400°C - 640°C, the precipitate dissolved resulting in SSS, and because of the 
high cooling rate in this zone with an average of -26 °C/sec, the formation of re-precipitation 
during the cooling process was suppressed. In this zone, the increase in tensile properties 




Figure 4.23 Correlations between mechanical properties and peak temperature 
profile along FZ and HAZ  










































































The subzone located approximately 5.9mm from the welding center line and extended to 8.1 
mm was exposed to a peak temperature between 290°C - 380°C. In this over aged zone, the 
temperature was not sufficient to dissolve the precipitate to SSS, but the temperature and 
slow cooling rate (6.4 °C/sec) was enough to transform and coarsen the needle shaped 
precipitate to a semi coherent rod shape βʹ precipitate and consequently, this zone undergoes 







Figure 4.24 Correlations between mechanical properties and peak 
temperature profile along HAZ 
Figure 4.24 shows the peak temperature across gauge length of the sample extracted from the 
HAZ as showed in Figure 4.22b. In this specimen, even though the zone subjected to a peak 
Z2 Z1 
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temperature between 370°C - 440°C (which is close to the over aging temperature) suffers 
high deformation, the over aged planes Z1 and Z2 could be identified and necking and the 
final fracture occurs in one of these two planes. 
 
 CONCLUSION 
Welding thermal profile, microstructure characterisation, microhardness, and high-resolution 
digital image correlation (DIC) during tensile tests were used to document the local 
mechanical behaviour of the HAZ in aluminum welds obtained by a robotic GMAW process. 
The following conclusions can be drawn: 
1. The thermal analysis using FEA produced reasonably accurate results compared with 
the experimental thermal profile, and the most significant difference between the 
experimental results and the model results was an 8.3% difference in the temperature 
measured by the TCs nearest to the FZ. 
 
2. Mechanical response of the welded sample was significantly influenced by the 
welding thermal cycle, and the variation in thermal cycle created different subzones 
in the HAZ. The over aged subzone that produce the lowest hardness could be 
described as a plane of 2.2 mm width located 5.9 mm to 8.1 mm on both sides of the 
welding center line. The symmetrical mechanical response on both sides of the weld 
was a result of the steady welding speed and heat input of robotic welding. 
 
3. The HAZ subzones present different plastic properties from zone to zone and the 
local mechanical behaviour of these zones varies according to the peak temperature 
that they were exposed to. The mechanical response of the heterogeneous HAZ leads 
to the development of extreme localisation of deformed zones within which necking 
and fracture occurred during tensile testing. These subzones were closely correlated 
with peak temperature. 
 
4. Though the microhardness technique was able to reveal the lowest hardness regions 
in the weldment, this technique has limitations for predicting the failure zone as it 
shows similar hardness values in the FZ and over aged planes.    
 
5. In the high peak temperature zone (above 380°C), the small coherent needle-shaped 
βʺ precipitates dissolved and the biggest one grew to form a semi coherent βʹ. This 
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zone regains some of it properties by re-precipitation of βʺ during natural aging. 
Intermediate peak temperature (between 290 °C and 380°C) and the slow cooling rate 





 RECOMMENDATIONS  
While this work focused on the characterisation of mechanical behaviour and microstructure 
of HAZ subzones, apply the experimental result to develop and validate a predictive 
approach for welded AA6061-T6. 
1. The correlation between hardness and grain growth observed in this investigation by 
optical microscope is in good agreement with literature data; though, SEM could be 
used to validate this work. 
 
2. The effect of peak temperature on Mg2Si precipitate size (growth and coarsening) 
and the correlation between precipitate transformation and its influence on 
mechanical properties also requires TEM validation.  
 
3. Correlated transformation of precipitate could be applied to a metallurgical model to 
calculate the mechanical properties and the softest zone in HAZ subzones based on 
peak temperature.  
 
4. Phase fraction calculated by SYSWELD could be validated using TEM and used to 
predict the mechanical properties in HAZ subzones and the global response of the 
welded joint.   
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Figure-A I-2 Experimental thermal profile recorded by four TCs in each 







Figure-A I-3 Experimental thermal profile recorded by four TCs 
in each side of welding line in vertical plate in Test-2 and Test-3 
 
 APPENDIX II 
THERMAL DISTRIBUTION CALCULATED BY SYSWELD 
 
 
Figure-A II-1 SYSWELD thermal profile at (8.3s) 
 
 
Figure-A II-2 Sysweld thermal profile  
  
 
  APPENDIX III 
MICROHARDNESS PROFILE IN TWO CONFIGURATIONS  
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Figure-A III-3 Microhardness value in weld cross section of 





Figure-A III-4 Microhardness value in weld cross section of 
horizontally welded specimen  
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Figure-A IV-4 Fracture of MFT specimens parallel 





Figure-A IV-5 Speckle pattern quality in DIC 
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